A theoretical calculation is performed for the ultrafast spin dynamics in nickel using an exact diagonalization method. The present theory mainly focuses on the situation where the intrinsic charge and spin dynamics is probed by the nonlinear (magneto-)optical responses on the femtosecond time scale, i.e. optical second harmonic generation (SHG) and the nonlinear magneto-optical Kerr effect (NOLIMOKE). It is found that the ultrafast charge and spin dynamics are observable on the time scale of 10 fs. The charge dynamics proceeds ahead of the spin dynamics, which indicates the existence of a spin memory time. The fast decay results from the loss of coherence in the initial excited state. Both the material specific and experimental parameters affect the dynamics. We find that the increase of exchange interaction accelerates mainly the spin dynamics rather than the charge dynamics. A reduction of the hopping integrals, such as present at interfaces, slows down the spin dynamics significantly. Furthermore, it is found that a spectrally broad excitation yields the intrinsic speed limit of the charge (SHG) and spin dynamics (NOLIMOKE) while a narrower width prolongs the dynamics. This magnetic interface dynamics should then become accessible to state-of-the-art time-resolved nonlinear-optical experiments.
Abstract.
A theoretical calculation is performed for the ultrafast spin dynamics in nickel using an exact diagonalization method. The present theory mainly focuses on the situation where the intrinsic charge and spin dynamics is probed by the nonlinear (magneto-)optical responses on the femtosecond time scale, i.e. optical second harmonic generation (SHG) and the nonlinear magneto-optical Kerr effect (NOLIMOKE). It is found that the ultrafast charge and spin dynamics are observable on the time scale of 10 fs. The charge dynamics proceeds ahead of the spin dynamics, which indicates the existence of a spin memory time. The fast decay results from the loss of coherence in the initial excited state. Both the material specific and experimental parameters affect the dynamics. We find that the increase of exchange interaction accelerates mainly the spin dynamics rather than the charge dynamics. A reduction of the hopping integrals, such as present at interfaces, slows down the spin dynamics significantly. Furthermore, it is found that a spectrally broad excitation yields the intrinsic speed limit of the charge (SHG) and spin dynamics (NOLIMOKE) while a narrower width prolongs the dynamics. This magnetic interface dynamics should then become accessible to state-of-the-art time-resolved nonlinear-optical experiments. : 78.47.+p; 78.20.Ls; Recently ultrafast spin dynamics in ferromagnetic metals has attracted a great deal of attention due to its possible applications, for example, in ultrafast magnetic gates. The experimental observation was that, upon the excitation of a femtosecond laser pulse, a sharp decrease of the magnetization occurs on a time scale of 100 fs [1] [2] [3] [4] , which is far beyond the characteristic time scale of spin-lattice interaction. Similar results have been independently found in pump and probe linear magneto-optics, nonlinear magneto-optics and two-photon photoemission. However the interpretation of this behavior has not been given on the same footing and remains somewhat speculative. Reconciliation of these intriguing results from different experimental processes such as linear and nonlinear optics is a crucial matter and is one of the goals of the present theoretical study. Moreover, the demagnetization is very similar to the conventional one [2] .
PACS
In the SHG experiment [2], the M(T) curve is established after the electron thermalization is finished while the electron and lattice have not reached a common equilibrium yet, which indicates a purely electronic feature of the ultrafast spin dynamics. Traditionally the spin-lattice coupling sets the speed limit of the demagnetization process, typically about 100 ps [5], but here this is evidently not the case. Our previous theoretical studies clearly demonstrated that the dephasing of initial states is the origin of the spin dynamics on the femtosecond time scale [6, 7] , as probed by transient reflectivities and linear magneto-optics. We found that the intrinsic speed limit is about 10 fs. This mechanism is a pure quantum effect, resulting from the interplay between band structure and electron correlation. In this paper, we focus on the nonlinear optical response of spin dynamics. We take a Ni monolayer as an example. This paper is arranged as follows. In Sect. 1, we discuss our theoretical scheme while the main results are given in Sect. 2. Finally, the conclusions are presented in Sect. 3
Theoretical scheme
It is well-established that in ferromagnetic transition metals, in particular in Ni, the electron correlation plays an important role even in the ground state and possesses a significant impact on the excited states, as evidenced e.g. by the famous photoemission satellite structure [8] . This becomes especially true in the nonlinear optical process on the ultrafast time scale where highly excited states are frequently involved. Therefore, we employ an exact-diagonalization method which explicitly avoids a perturbative treatment of electron correlation. Within our scheme, one does not need to introduce any damping term to obtain a correct dephasing time. Our previous results showed that the typical time scale is basically set by the dispersion of the bands and the strength of electron correlation. We begin with a generic Hamiltonian j,k,l,σ,σ ,σ ,σ U iσ, jσ ,lσ ,kσ 
where U iσ, jσ ,lσ ,kσ is the on-site electron interaction, which can be described in full generality by three parameters: the Coulomb repulsion U, the exchange interaction J, and the exchange anisotropy ∆J [9]. The set of parameters used for Ni is given in [10] . c † iσ (c iσ ) are the usual creation (annihilation) operators in the orbital i with spin σ (σ =↑, ↓). E ν (K) is the single-particle energy spectrum for band ν of the nickel monolayer. n νσ (K) is the particle number operator in momentum space. H SO is the spin-orbit coupling. Since this is a typical many-body problem, one cannot solve it without simplification. In order to obtain a tractable model, we first build a two-hole basis set. Within this basis set, for each Ni atom, the dimension of the Hilbert space is 66. The matrix elements of electron correlation for each atom can be obtained analytically. For each K point, the electron correlation is embedded in the crystal field as given by the band structure. This treatment of correlations is analogous to a frequencydependent self-energy correction. Within this simplification, we are able to exactly diagonalize the Hamiltonian for each K point explicitly.
In order to characterize the spin and charge dynamics clearly, we calculate both these intrinsic quantities: S z (t) = Ψ(0)|Ŝ z |Ψ(t) and N(t) = Ψ(0)|N|Ψ(t) , and the nonlinear (magneto-)optical susceptibilities χ (2) xzz and χ (2) zzz . HereŜ z = 1 2 (n ↑ − n ↓ ),N = (n ↑ + n ↓ ), which are directly related to the observable NOLIMOKE and SHG yields, respectively. Since χ (2) xzz (ω, t) and Ŝ z (t) mainly reflect the spin response while χ (2) zzz (ω, t) and N (t) reflect the charge response, they will be used as indicators to evaluate spin and charge evolutions, respectively. We find:
where |kl is the eigenstate with the eigenvalue E kl ; p(E kl , t) = Ψ(t)|kl .
Results
Before we come to our main results, we would like to demonstrate that our Hamiltonian can reasonably describe some basic experimental results. It has been well-established that a prerequisite for acquiring a ferromagnetic ground state is a nonzero Coulomb interaction U and exchange interaction J. We can simply check this by setting both U and J to zero. Doing so, we find that the ground state is a singlet, i.e. paramagnetic state, which contradicts the ferromagnetic nature of nickel. This proves the importance of U and J. Once we use the generic sets of U and J of nickel, we obtain a triplet as its ground state, from which we can calculate the magnetic moment, 0.88µ B . This magnetic moment is larger than that in the bulk material, which is consistent with the experimental observation. In this case, the satellite structure well-known from photoemission experiments also appears quite naturally in the spectrum. In Fig. 1 , we firstly show the effect of exchange coupling J on the |χ (2) xzz (ω, t)| and |χ (2) zzz (ω, t)| as a function of time t. The probe frequency ω is fixed at 2 eV. The initial state is prepared to be 2 eV above the ground state with a Gaussian broadening as large as 20 eV, which opens almost all the possible decay channels. Such a large distribution width cor- Fig. 1a-d . The femtosecond time evolution of the nonlinear magnetooptical and optical responses, χ (2) xzz (ω, t) and χ (2) zzz (ω, t) , respectively. Here the initial excited state is prepared 2 eV above the ground state with a Gaussian broadening as wide as 20 eV. In a and b, a set of generic parameters of nickel is used; in c and d, the exchange interaction J is reduced to J 0 /10 while the rest of the parameters are kept unchanged. The spin dynamics is delayed with respect to charge dynamics, which indicates the existence of a spin memory effect. Additional 'bunching' occurs, which has not been found for the linear pump-probe responses of Ni. χ (2) xzz (ω, t) oscillates with a larger period
